Evaluations of the summer/winter Asian monsoon through the late 20th century (1981)(1982)(1983)(1984)(1985)(1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000) were conducted on the basis of model simulations using 20 Coupled Model Intercomparison Project Phase 3 (CMIP3) and 24 Phase 5 (CMIP5) multi-model datasets, and comparisons of the results with many types of observational data. Skill metrics have been calculated in terms of reproducibility of seasonal mean structures. The projected thermal structure of the mid to upper troposphere, which is an important driving force of the Asian monsoon, was also evaluated. Overall, the skills of the CMIP5 multi-model ensemble (MME) mean results have been improved, as compared with those of the CMIP3 MME.
Introduction
The Asian summer monsoon (ASM) is one of the most important components of the global climate system, providing enormous volumes of water to some of the most densely populated regions on Earth. Consequently, future projections of the ASM under global warming scenarios are critical for anticipating potential water resource issues. Recent assessments of future ASM projections have been summarized in the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR4; IPCC 2007) . In this report, future projections are based on multimodel ensembles (MMEs) of 23 atmosphere-ocean coupled general circulation models (AOGCMs), derived by climate research institutes worldwide, all of whom participated in the third phase of the Coupled Model Intercomparison Project (CMIP3) of the World Climate Research Programme (WCRP). The MMEs provide a useful method for obtaining improved future projections, as they can remove errors inherent in individual CGCMs, and they have clarified the nature of climate changes in ASM regions and the physical mechanisms contributing to these changes. In this study, we do not attempt a comprehensive review of the IPCC AR4. Rather, we first review important points regarding uncertainties in the CMIP3 simulations, and then we evaluate stateof-the-art future projections of the models of the fifth phase of the Coupled Model Intercomparison Project (CMIP5; also see Taylor et al. 2012) .
Theoretically, as the climate warms, the amount of precipitable water increases with increasing temperature at a rate of ~6.5 % K −1 (according to the Clausius-Clapeyron relationship) (Allen and Ingram 2002) . Vecchi and Soden (2007) reported a different estimate as 7.5% K −1 . However, the actual temperature dependence of global precipitation is less than this because of energy balance adjustments, which occur at a rate of ~2 % K −1 (Soden and Held 2006) . In any case, increased precipitation heats the free troposphere, which tends to stabilize vertical stratification and weaken global circulation, as manifest in the attenuation of Walker-Hadley circulation (e.g., Tanaka et al. 2004; Vecchi and Soden 2007) . As for the intensity of the ASM, it has been pointed out that meridional thermal gradients (MTGs) in the mid to upper troposphere can be an important index of ASM activity (e.g., Li and Yanai 1996; Kawamura 1998) . Ueda et al. (2006) examined the projected future change of MTG in CMIP3, and showed that the weakening of MTG was a result of significant mid to upper tropospheric warming in the tropical Indian Ocean (50°-100°E, 0°-20°N) compared with that in the Asian continent (50°-100°E, 20°-40°N). This pattern explains the so-called wind-precipitation paradox; i.e., the ASM circulation itself weakens, whereas the enhancement of rainfall occurs in the same region (Kitoh et al. 1997) .
With regard to the anomalous tropical warming, Fu et al. (2012) showed that, in comparison with satellite-derived air temperatures for the past three decades, CMIP3 historical experiments exaggerate the increase in static stability between tropical mid and upper troposphere conditions. Po-Chedley and Fu (2012) further examined the results of CMIP5 models used in the Atmospheric Model Intercomparison Project (AMIP), in which observational records of sea surface temperatures (SSTs) are prescribed in the historical simulations. It was shown that even using historical SSTs as a boundary condition, most atmospheric models exhibit anomalous tropical upper tropospheric warming relative to observations by satellite-borne microwave sounding units. At this point, it is difficult to conclude whether the differences between models and observations are a result of CGCM biases or of biases in the observational datasets (e.g., ; nevertheless, the apparent model-observational differences with respect to tropospheric warming represent an important issue with regard to the driving forces of the Asian monsoon, as well as those of the general global climate system.
It is widely accepted that the Asian monsoon is a planetary-scale phenomenon driven by differential response to seasonal variations in solar radiation on the Asian continent and surrounding oceans as a result of differences in heat and moisture capacities. During the past two decades, the importance of the influence of oceanic monsoons on the global climate system has been increasingly recognized. For example, the western Pacific monsoon (e.g., Murakami and Matsumoto 1994) , which emerges in the boreal summer as an interaction between the Asian monsoon and the Pacific high through modulation of underlying SSTs, influences the rainy season (Baiu front) in Japan (e.g., Ueda et al. 1996) . Given these considerations, Trenberth et al. (2000) proposed the concept of a global monsoon (GM) in which seasonally varying overturning circulation in the tropics plays a critical role in the connections between various regionally defined monsoons. Recently, deduced the GM domain based on annual rainfall variations and suggested that regional monsoons can be coordinated by internal feedback processes and atmospheric teleconnections. These studies imply that the understanding of the physical processes involved in projected future changes in the Asian monsoon requires a comprehensive examination that considers broad domains, which include not only the Asian monsoon but also neighboring oceanic regions. Regarding the evaluation of the ASM with respect to observational data, a recent study provided evidence that the CMIP5 MME outperforms the CMIP3 MME in terms of its skill in pattern correlations (Sperber et al. 2012 ).
Here we shift to the topic of regional climate projections and give some examples that highlight important aspects of the projections. In the first example, local SSTs and atmospheric humidity are considered as the primary factors influencing the development of tropical cyclones (TCs). Murakami et al. (2011) showed that the main feature of projected SST changes derived from CMIP3 simulations is a characteristic equatorial maximum and enhanced subtropical warming in the Northern Hemisphere relative to that in the Southern Hemisphere. Xie et al. (2010) ascribed the physical mechanism of these patterns of SST changes to so-called wind-evaporation-SST feedback. The spatial distribution of SSTs is another strong factor regulating TC activity worldwide. Clement et al. (2011) pointed out that patterns of SST vary among models, which is a fundamental problem for regional patterns of climate change around the globe.
The second example of regional projections is related to the Asian winter monsoon (AWM). As mentioned above, according to the CMIP3 simulation, projected ASM precipitation increases; however, projected AWM precipitation over South Asia and neighboring areas decreases. Physical mechanisms that cause this difference cannot be ascribed to thermodynamic effects, as projected air temperatures over Asia in the boreal winter also increase, which implies that dynamic effects play a critical role in the projected precipitation differences (e.g., Emori and Brown 2005) . As for the circulation field in the lower troposphere, northerly winds originating from the Siberian cold dome characterize the AWM over East Asia and Southeast Asia (e.g., Zhang et al. 1997; Wang et al. 2010) ; northwesterly winds, which are dominant over Japan, bring large amounts of snowfall, and the Aleutian low is an important counterpart to the Siberian high. In other words, the behavior of the paired Siberian high and Aleutian low could be a key factor influencing wintertime precipitation, particularly in Japan. Hori and Ueda (2006) , in an investigation of these climatic components using CMIP3 future projections, suggested that a salient weakening signal of the Siberian high is not recognizable, despite the anomalous continental warming observed on the Eurasian continent at higher latitudes. Of particular interest regarding the AWM projections is the observation that the Aleutian low, which affects the northwesterly winds originating from the Siberian high as well as the trade winds in the subtropical western Pacific, exhibits large variabilities among the models. However, we did not obtain reliable projections of future AWM activity using the CMIP3 simulation, and this topic, therefore, awaits further exploration using CMIP5 datasets. With this goal in mind, we investigated the performance of the historical runs of the CMIP5 models and compared their results with observational evidence from the 20th century, as well as with the results of CMIP3 models.
In this paper, we present state-of-the-art projections of the global monsoon system in the 21st century. We specifically focus on three aspects of the projections: 1) Quantitative evaluation of seasonal climatology related to the Asian monsoon using Taylor diagrams. 2) Development of a "future atlas" of the ASM/AWM, and if possible, the identification of proposed formation mechanisms. 3) Evaluation of inter-model discrepancies and common features of the CMIP5 projections. The remainder of this paper is organized as follows. Section 2 describes the observational datasets and models used in the study, including the prescribed CO 2 emission scenario. Statistical methods for evaluating the historical experiments are also described in this section. Section 3 presents the primary results, which include an examination of present and future projections of the ASM and AWM. Section 4 investigates the reproducibility of SST patterns in relation to observational evidence, and explores the inter-model variability in the projections. Section 5 explores the increase in air temperature in the mid to upper troposphere, and discusses its implications for meridional circulation changes. Finally, a summary is presented in Section 6.
Data and methods
We analyzed monthly data of the 20th Century Climate in Coupled Models (20C3M), the Special Report on Emission Scenarios (SRES) A1B experiments from the 24 GCMs in CMIP3 (Meehl et al. 2007) , and the simulations of historical runs under the Representative Concentration Pathways 4.5 (RCP4.5) scenario from the 24 GCMs in CMIP5 (Taylor et al. 2012) . Details of the GCMs are listed in Table 1 and are documented on the Program for Climate Model Diagnosis and Intercomparison (PCMDI) website (http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php and http:// cmip-pcmdi.llnl.gov/cmip5/index.html). To equally treat each GCM, only the first member of each simulation was used in the present study, even though multimember outputs were available for several GCMs. To calculate metrics for comparing the GCMs with observational datasets, all data were interpolated to a common 2.5° × 2.5° horizontal grid. Climatological means for each of the model outputs were defined as averages for the 20-year periods at the end of the 20th and 21st centuries (i.e., 1981-2000 for the 20C3M of CMIP3 and the historical runs of CMIP5, and 2081-2100 for the SRES-A1B of CMIP3 and the RCP4.5 of CMIP5).
Furthermore, we assessed the reproducibility of the GCMs using the following observational datasets: the National Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP; Xie and Arkin 1997) dataset for precipitation, the 40-year Reanalysis dataset from the European Centre for Medium-Range Weather Forecasts (ERA-40; Uppala et al. 2005) for other atmospheric parameters, and the NOAA Optimal Interpolation Sea Surface Temperature version 2 (OISSTv2; Reynolds et al. 2002) dataset.
We also used 20-year (1981-2000) averages in these datasets for comparison purposes.
To quantitatively evaluate the reproducibility of the CMIP3 and CMIP5 GCMs, we calculated Taylor''s skill scores for the respective GCMs. Taylor (2001) proposed the following skill score (S) for evaluating model results:
where R is the correlation coefficient between the GCM results and observations, SDR is the ratio of the standard deviations in each model to observational values, and R 0 is the maximum correlation coefficient attainable between intra-ensemble members of the same model. We assumed that R 0 = 1, as only the first member of a simulation was used in the present study. We also present Taylor diagrams (Taylor 2001) to clearly visualize the performances of the GCMs. These diagrams are widely used for evaluations of models'' performances with respect to observations. In a Taylor diagram, a reference dataset (observational data in the present study) is plotted along the abscissa. The correlation between the GCM results and obser- Table 1 . Models used in this study. vations is represented by the azimuthal angle, and the radial distance from the origin represents the standard deviation. The distance between each GCM and the reference dataset is proportional to the root mean square error after removal of the average. That the Taylor diagram only evaluates the model's deviation from spatial means (not the spatial means themselves), however, implies the incompleteness of the Taylor diagram's ability in bias evaluation.
Monsoon circulation and precipitation

Reproducibility of the present-day climate over the Asia-Pacific region
We evaluated the reproducibility of precipitation and circulation in the lower troposphere by comparing the results of present-day climate simulations with observational data. Figure 1a shows the spatial distribution of summertime circulation derived from CMIP5 present-day simulations. At first glance, the overall features of observed climate patterns, such as monsoon circulation patterns and the Pacific high, appear well simulated. With respect to rainfall, the Intertropical Convergence Zone (ITCZ), the South Pacific Convergence Zone (SPCZ), the Baiu front near Japan, and the enhanced convection around maritime continents in the region of the north Indian Ocean bear significant resemblance to present-day climate patterns (e.g., Inoue and Ueda 2009). Figure 1 shows mean seasonal rainfall and 850-hPa winds predicted by CMIP5 MMEs. The CMIP5 MME mean rainfall and lower tropospheric circulation simulate important observed features. For example, the Indian summer monsoon exhibits clockwise circulation, and its associated precipitation in northern India and surrounding areas is well reproduced (e.g., Arabian Sea, Tibetan Plateau, and Bay of Bengal). On the other hand, counterclockwise circulation and southern ITCZ (e.g., at ~10°S) appear during the boreal winter. These features are consistent with observations and modeling studies. The subtropical Pacific high during the boreal summer is basin-wide and its center of circulation is located in the central subtropical Pacific (at ~30°N, 160°W). As for the East Asian monsoon, it should be noted that the region of the precipitation maximum extends from southeastern China to the east of Japan during the boreal summer (known as "Meiyu" or "Baiu"). Sampe and Xie (2009) suggested that the MeiyuBaiu feature is an important component of the Asian monsoon system, representing zonal temperature advection associated with land-sea thermal contrasts and westerly jets in the lower troposphere. During the boreal winter, cyclonic circulation of the Aleutian low forms over the north-central Pacific. In this season, the precipitation maximum is located to the east of Japan (e.g., in the western Pacific). At subseasonal time scales, the western Pacific is characterized by storm track maxima, which are generated by the heat supply on the oceanic front (e.g., Nakamura et al. 2004 ). Seasonal precipitation is also located in similar regions, suggesting that storm track activity may be responsible for seasonal precipitation patterns, even though the horizontal resolution of the oceanic component in most CMIP5 models is too coarse to resolve the oceanic front adequately.
To quantitatively evaluate the simulated precipitation patterns, we employed Taylor diagrams (Taylor 2001) , which are widely used for evaluating climate models. For the present study, we calculated root mean square differences and area-averaged biases of simulated precipitation climatology; the target area was the Asian monsoon domain (30°-180°E, 0°-50°N). This method was adequate for assessing the spatial distribution of seasonal mean precipitation. CMIP5 model skills were compared with CMIP3 MMEs. Figure 2 shows Taylor diagrams of precipitation and 850-hPa horizontal winds for the ASM. The skill score (S) for horizontal wind is ~0.7-0.9, while that for precipitation is ~0.5-0.7. According to Sperber et al. (2012) , a circulation field is formed as a response to rainfall as an "integrated" form, resulting in a smoothed and wide spatial pattern. This may give higher skill scores in a horizontal wind field. In the MME, it should be noted that the skill score for both precipitation and horizontal wind is improved using CMIP5 (S = 0.70) as compared with scores obtained using CMIP3 (S = 0.52). Improvement of precipitation skill in CMIP5 compared to CMIP3 may be due to the finer resolution, reduction of SST bias, and better representation of the hydrological cycle (e.g., convective parameterization and soil moisture processes). However, it should be noted that CMIP5 Table 1. still has a significant bias in present Asian monsoon rainfall (Sperber et al. 2012) . Figure 3 shows Taylor diagrams of precipitation and 850-hPa horizontal wind for the AWM. It should be noted that the skill score of AWM precipitation results on the Taylor diagram is relatively high in comparison with that of ASM. Synoptic-scale cyclones are an important factor influencing boreal winter rainfall in the Asia-Pacific region and tropical precipitation (such as the ITCZ) located in the Southern Hemisphere during the winter (Fig. 1b) . The higher skill score of boreal winter climatological precipitation on the Taylor diagram may be caused by synoptic-scale reproducibility. Figure 4a shows projected changes (differences between 2081-2100 and 1981-2000 results) in the boreal summer climatological precipitation and 850-hPa wind in CMIP5 MME. Significant features are present in the Indian summer monsoon circulation, such as intensification of southwesterlies in the Northern Hemisphere, which differs from the previous projections of future monsoons by the CMIP3 , and which shows the slowdown of monsoon circulation (easterly anomaly in the Northern Hemisphere). On the other hand, a significant easterly (westerly) anomaly is present over the equatorial Indian Ocean (Pacific Ocean), also suggesting a slowdown of Walker circulation. Furthermore, decreased rainfall around Sumatra during the boreal summer favors drier conditions and an equatorial easterly, which is consistent with an east-west rainfall change contrast. Zheng et al. (2010) investigated future changes in the tropical mean state change using the GFDL-CM2.1, and obtained results that are consistent with those of our analysis using the CMIP5 MME (e.g., projected easterlies and east-west rainfall contrasts in the equatorial Indian Ocean). As for the East Asian monsoon, it should be mentioned that a precipitation maximum and a significant westerly are located to the south of Japan, which may implicate the southward shift of the Baiu rainband, which is consistent with the CMIP3 results (e.g., Kitoh and Uchiyama 2006; Inoue and Ueda 2012). Precipitation and circulation changes in the 30-year mean (differences between 2071-2100 and 1971-2000 results) are quite similar to Fig. 4 , and thus these features are insensitive to sampling periods (figure not shown).
Asian summer monsoon
Furthermore, we investigated the inter-model diversity of the summer Asian monsoon results in particular regions. The MME shows that intensifi- cation of the Indian monsoon is a significant feature, particularly north of 10°N. Figure 5 shows projected changes in westerly winds at 850 hPa near 0°-10°N and 10°-20°N. Most CMIP5 models (22 of 24 in Fig.  5a , and 19 of 24 in Fig. 5b) show an easterly (westerly) anomaly near 0°-10°N (10°-20°N) ; hence, such MME features in the Indian monsoon circulation appear to be robust. Another MME feature of the ASM is a precipitation maximum and a significant westerly to the south of Japan. Figure 6 shows projected changes in the westerly wind at 850 hPa and rainfall in the region of southern Japan. Most of the CMIP5 models show a westerly anomaly (18 out of 24 in Fig. 6a ) and rainfall increase (20 out of 24 in Fig. 6b ) in the region of southern Japan; hence, such MME features showing the intensification of circulation and precipitation around the Baiu rainband also appear robust, which is consistent with the results of previous studies (e.g., Ueda and Yasunari 1996) . 
Asian winter monsoon
Changes in boreal winter climatology projected by the CMIP5 MME are shown in Fig. 4b . A cyclonic circulation anomaly in the North Pacific (120°E-120°W, north of 40°N) and an anticyclonic circulation anomaly in the subtropical western Pacific (120°E-160°W, 20°-40°N) imply an intensification and northward shift of the Aleutian low, which is consistent with CMIP3 results . At higher latitudes (north of 40°N), a northwesterly from Siberia brings cold air to the region of Japan, which generates large air-sea temperature differences and resultant moisture supplies. This situation may favor more snow cover during the winter in Japan, albeit with an increase in surface temperatures. On the other hand, a southwesterly anomaly resulting from the subtropical high brings warm air and a decreased northwesterly winter monsoon to the south of Japan. These two components contact one another in the region of Japan, suggesting that future projections of the winter climate in Japan are sensitive to each of the components and the characteristics of their interaction. Figure 7 shows CMIP5-MME simulations of the present-day climate and projected changes in the boreal winter sea level pressure (SLP) and 850-hPa winds. A definition of the Siberian high is still in debate (e.g., Panagiotopoulos et al. 2005; Takaya and Nakamura 2005) ; however, SLP is a good indicator of the Siberian high. The CMIP5-MME simulations present climatological features of the Siberian high and the Aleutian low (e.g., location, strength, and associated circulation of 850-hPa winds). For example, the SLP maximum of the Siberian high, located at 45°N, 100°E, is 1030 hPa, which is qualitatively similar to that of the observational data (Zhang et al. 1997; Serreze and Barry 2005) and CMIP3 results . The SLP minimum of the Aleutian low, located at 50°N, 180°E, is 1000 hPa, which is also consistent with results of previous CMIP3 studies .
In future projections, which are similar to the results shown in Fig. 4b , a cyclonic circulation anomaly in the North Pacific (120°E-120°W, north of 40°N) and an anticyclonic circulation anomaly in the subtropical western Pacific (120°E-160°W, 20°-40°N) imply intensification and a northward shift of the Aleutian low. On the other hand, it should be noted that the northwesterly anomaly over northern Japan is mainly induced by intensification of the Aleutian low, and changes in the Siberian high are not significant. This result differs from the expectations of many studies suggesting that the large warming trend in the Northern Hemisphere is a result of greater land coverage in this hemisphere (Kimoto 2005) , which may cause a weakening of the Siberian high. On the other hand, recent studies have revealed an intensification of the Siberian high since the 2000s (Zhang From the MME, it is unclear whether the projected AWM around Japan is strengthened or weakened, as measured by 850-hPa meridional winds (see Fig. 8 ). The sign of the meridional winds around Japan in each of the CMIP5 results is diverse (the sign in 14 of 24 is southerly, and that of the other 10 is northerly). Hence, we conclude that the MME results for winter monsoon circulation around Japan are not robust.
The Aleutian low and the Siberian high are important factors in the AWM. Quantifying the reproducibility of these components is a good indicator of CMIP3 and CMIP5 performance. Figure 9 shows Taylor diagrams for the SLP of the Aleutian low and Siberian high. The skill scores for the Aleutian low are ~0.6-0.9, and greater than 0.9 for the MME. On the other hand, the skill score for the Siberian high is ~0.5-0.8, and ~0.8 for the MME. It should be noted that the skill score of the Siberian high is generally lower than that of the Aleutian low (Fig. 9) . On the other hand, the sampling period (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) may be too short to remove internal climate variability such as that related to the Pacific Decadal Oscillation (PDO; Mantua and Hare 2002) . In addition, the uncertainties associated with the physical parameterizations in each of the climate models may affect reproducibility of the North Pacific winter monsoon (Oshima et al. 2012 ). Figure 10 shows future changes in mean SSTs projected by the CMIP3 MME and CMIP5 MME. The CMIP3 and CMIP5 results show similar regional SST features (e.g., marked warming in the equatorial eastern Pacific, western Indian Ocean, northwestern Pacific, and subtropical northeastern Pacific, and minimal warming in the southeastern tropical Pacific), although the SST magnitudes of CMIP5 results are smaller than those of the CMIP3, which may be due to different CO 2 emission scenarios. Xie et al. (2010) showed that spatial patterns of future SST changes can be explained by wind-evaporation-SST feedback. In equatorial regions, slowdown of Walker circulation over the Indo-Pacific basin causes reduced wind speeds, and hence SST changes may be related to a reduction in latent heat loss. On the other hand, in the Southern Hemisphere, increasing trends of the trade winds cause small SST changes on account of increased latent heat loss. It should be noted that the thermocline feedback is also an important component of large equatorial SST changes (e.g., Tokinaga et al. 2012) . To the north of 50°N, significant small SST trend is present in the northern Atlantic, which differs from the large warming tendency in the Northern Hemisphere. The causes of the SST trends remain unknown, although one contributing factor may be thermohaline circulation changes caused by fresh- ening of surface salinity. Figure 11 shows future projected boreal summer climatology and projected future changes in upper troposphere thickness according to the CMIP5 MME. Upper troposphere thickness is a good indicator of the extent of vertically integrated temperatures in the troposphere. Thickness increases are large in the tropics, suggesting that upper tropospheric warming is significant in tropical regions (e.g., Sugi et al. 2002; Fu et al. 2012) . Based on the wind-rainfall-thickness relationship defined in the CMIP3, Ueda et al. (2006) suggested that the "circulation-precipitation paradox" involves Asian monsoon winds and weakening of MTGs, in spite of increases in rainfall. Here MTG is defined as the meridional 200-500 hPa thickness gradient (average over 50°-100°E, 20°-40°N minus over 50°-100°E, 0°-20°N; Kawamura 1998). However, in the CMIP5 results, both monsoon winds (north of ~10°N) and rainfall are strengthened, while MTGs are simultaneously diminished. Thus, the "rainfall-circulation paradox" does not appear to apply in this instance, and a new paradox, the "circulation-thickness paradox," appears in the CMIP5-MME results. Monsoon circulation is expected to strengthen MTGs in the upper troposphere (200-500 hPa), resulting in cooling over the equator and warming over continental areas; however, the CMIP5 -MME results show opposite trends. The reason for the "circulation-thickness paradox" in the CMIP5 results is still unresolved, but its presence implies that a more precise understanding of the hydrological cycle and associated thermodynamic processes in the tropics are required (Emori and Brown 2005) . As an attempt to interpret the rainfall circulation relationship, Stowasser et al. (2009) suggest a possible mechanism of simulated future change of Asian summer monsoon circulation by the GFDL-CM2.1. They suggested that the low-level anticyclonic circulation in the southern latitudes (i.e., Rossby wave response to suppressed rainfall over the eastern equatorial Indian Ocean and Maritime Continent) weakens the climatological cross-equatorial flow, and thus weakens the monsoon circulation.
Sea surface temperatures
Tropical circulation
Upper tropospheric warming in the tropics can be observed in zonal mean temperature patterns (Fig.  12 ). The CMIP5 MME shows significant warming at 100-500 hPa in the tropics, and individual CMIP5 models also show such warming, albeit at different magnitudes (figure not shown). The mean vertical temperature profile is determined by radiative- convective equilibria processes (e.g., Manabe and Strickler 1964; Sobel et al. 2007 ). Differences in convective parameterization among the models may cause upper tropospheric warming through deep condensation heating, while radiative cooling may counterbalance such warming. Some previous studies have investigated the upper tropospheric warming, and various mechanisms have been proposed (e.g., Seidel et al. 2012; Singh et al. 2012; Mitchell et al. 2013) . O'Gorman and Singh (2013) suggested that the upper tropospheric warming can be explained by an upward shift of the moist adiabatic temperature profile. It should be noted that significant warming at 300-1000 hPa is projected for the northern extratropics (north of 40°N). Changes in surface conditions (e.g., melting of sea ice), SSTs (e.g., warming in the North Pacific), or meridional eddy heat transport (by storm track activity) may cause such significant warming in the Northern Hemisphere.
The relationship between the upper tropospheric warming and SST changes is investigated in the scatter plot shown in Fig. 13 . Upper tropospheric warming appears related to SST changes, suggesting that larger (smaller) SST changes cause more (less) upper tropospheric warming. Mitchell et al. (2013) reported that such upper tropospheric warming can be improved in the AGCM experiments by prescribing SST boundary conditions, which implies that SST changes may affect the upper tropospheric warming through convective or radiative processes. Inter-model differences in future SST changes by CMIP5 models may be an important factor for the uncertainty of the upper tropospheric warming.
Conclusions
Based on historical runs of 20 CMIP3 (20C3M) and 24 CMIP5 multi-model datasets, we evaluated the reproducibility of present-day ASM and AWM patterns. We adapted Taylor diagrams to quantify the degree to which the CMIP3 and CMIP5 models simulate realistic climates. With regard to the ASM, Taylor's skill scores for both rainfall and 850-hPa zonal winds were improved in the CMIP5 as compared with those of the CMIP3. With regard to the AWM, the skill score for the Asia-Pacific region (30°-180°E, 0°-50°N) was lower than those for the Aleutian low and Siberian high, suggesting that the combination of these two circulations may influence the reproducibility of the AWM. Hence regional downscaling may be sensitive to seasonal and subsea- sonal global features simulated by the climate models. In this paper, projected future changes in the Asian monsoon using the CMIP3 and CMIP5 models were also investigated. In the future climates, lower tropospheric northwesterly winds, which are strengthened over northern Japan, are mostly induced by the intensification of the Aleutian low, while contributions of the Siberian high to the tropospheric changes are not significant. The SST pattern in the tropics shows significant warming over the western Indian Ocean and the eastern Pacific, which is consistent with the slowdown of Walker circulation.
In both the CMIP3 and CMIP5 MMEs, weakening of MTGs appears in the upper tropospheric thickness. The signs of climatological MTGs and their future projected changes are opposite to one another; hence, the MTG changes imply the slowdown of Indian summer monsoon circulation. On the other hand, monsoon circulation over the northern Indian Ocean (10°-20°N) is strengthened in the CMIP5 results but weakened in the CMIP3 results. Rainfall increases in both the CMIP3 and CMIP5 results. Such a rainfallwind-thickness relationship in the CMIP5 reveals a new paradox, the "circulation-thickness paradox." Such upper tropospheric warming also appears in the zonal mean temperature. Recently, Lee and Wang (2012) used four best performance CMIP5 models and showed an increasing rainfall and static stability over the Asian summer monsoon sector. Our result is consistent with these features although MME members and definition of monsoon is different. However, we should be careful with the uncertainty of present and future Asian monsoon in the climate models. Annamalai et al. (2007) and Turner and Annamalai (2012) evaluated variabilities of Asian summer monsoon at a wide range of time scales ranging from subseasonal to interdecadal scales. These studies and Sperber et al. (2012) showed the diversity of the simulated monsoon and their biases in present and future climate simulations.
Although weakened MTGs appear in the CMIP5-MME results, it should be noted that the magnitude of MTG changes projected by individual CMIP5 models varies considerably, suggesting that such differences in upper tropospheric warming in the tropics cause differential strengthening or curva- ture change of the subtropical jet through the MTG. The diversities of large-scale ASM/AWM monsoon features may affect the downscaling of East Asian regional climate patterns. For example, regional climate changes in the region of East Asia (including that of Japan) will be sensitive to the reproducibility of seasonal and subseasonal variability in each of the climate models (e.g., Figs. 6 and 8), as determined by boundary condition influences (e.g., Kawase et al. 2009 ).
